Abstract-A microstrip-fed two-port multiple-input-multiple-output (MIMO) antenna has been designed for triple-band applications covering the entire ultra-wideband (UWB) with one band-notched characteristic. A defected ground structure (DGS) has been used to obtain a wideband resonance. A crescent ring has been etched on each of the two circular patch antennas to produce a band-notch characteristic centered at 5 GHz, ranging from 3.96 to 6.2 GHz. These introduce notches at 5.2/5.8 WLAN, 5.5 WiMAX, LMI C-Band and also reject the large capacity microwave relay trunk network, ranging from 4.40 to 4.99 GHz, such as in the Indian national satellite (INSAT) system operating between 4.5 and 4.8 GHz, thus making our MIMO antenna immune to many unlicensed bands. The proposed MIMO antenna elements have been isolated by more than 16 dB throughout the operating band using a modified inter-digital capacitor (MIDC) placed between the circular patch antennas. The MIDC also helps in achieving a center-band, ranging from 6.2 to 8.93 GHz and is useful in IEEE INSAT/Super Extended C-band. The lower-band ranges from 3.08 to 3.96 GHz and covers 3.5 GHz WiMAX while the upper-band, ranging from 10 to 16 GHz, is useful for X-band and Ku-band applications. Finally, the MIMO antenna has been fabricated on an FR-4 substrate of dimensions 50×30×1.6 mm 3 with a compact antenna area of 0.158λ 2 0 . All results along with the diversity performance have been experimentally verified.
INTRODUCTION
In 2002, the Federal Communications Commission (FCC) released an unlicensed ultra-wideband (UWB) spectrum, ranging from 3.1 to 10.6 GHz [1] , for future communication. Since then, there has been an increase in demand of designing UWB systems for handling high data rates in the presence of wireless communications standards, which causes electromagnetic (EM) interference [2] such as 5.2/5.8 GHzwireless local area network (WLAN) system, 5.5 GHz-worldwide interoperability for microwave access (WiMAX) system, INSAT operating between 4.5 and 4.8 GHz and many more. So, the design of UWB MIMO antennas with band-notches becomes very popular. The demand for high data rates can be achieved by MIMO systems without sacrificing additional spectrum and transmitted power in a rich scattering environment [3] . Designing compact MIMO antennas with reduced mutual coupling having less polarization mismatch, and immune to noisy and fading channels is a big challenge. Several mutual coupling reduction techniques were introduced in previous researches such as a planar Electromagnetic Gap (EBG), and multilayer dielectric substrate was used to improve isolation by 10-15 dB [4] . Similarly miniaturized Double-Layer EBG structures were used to increase isolation between UWB monopoles [5] .
Split-Ring Resonator (SRRs) being modified and used as an isolation structure like Folded Split-Ring Resonators (FSRRs) used in [6] resulted in 30 dB isolation while Slotted-Complementary Split-Ring Resonators used in [7] resulted in 10 dB reduction in mutual coupling effect. A simple slot in the common ground plane results in an isolation of 40 dB among antenna elements separated by a mere distance of 0.33λ 0 [8] . A wideband neturalization line resulted in an isolation of 22 dB for the UWB MIMO antenna operating from 3.1 to 5 GHz [9] . Some more techniques of mutual coupling reduction were listed in [10] . The focus has been made on designing a UWB MIMO antenna with band-notches to avoid EM interference from unwanted frequency spectrum considering a particular host system application. Recently, many UWB MIMO antennas with one or more band-notched characteristics have been designed as described below. In [11] , a UWB MIMO antenna with a band-notch ranging from 5 to 6 GHz having minimum 15 dB isolation was implemented. A dual-band-notched UWB MIMO antenna having a rejection in WiMAX and International Telecommunication Union (ITU) band was proposed in [12] . Multiple band-notch bands were implemented using an underground filter in a CPWfed circular-disk UWB antenna [13] . Another UWB antenna with notches at 5.5/5.8 WLAN and 3.5/5.5 GHz WiMAX was introduced in [14] . A triple-band-notched UWB antenna having notches around WiMAX and WLAN was created using concentric split-ring slots structure [15] . Koch structure and T-shaped stub were used [16] to create a band-notch around PCS, WiMAX, and WLAN. A dual band-notched characteristic compact UWB MIMO antenna, which introduced notches at WLAN and IEEE INSAT/Super-Extended C-band, was designed with inverted L-shaped slits having a minimum isolation of 22 dB [17] . Other dual band-notched UWB MIMO antennas are: a novel filtenna having notched bands of 3.35-3.55 GHz and 5.65-5.95 GHz with a minimum isolation of 20 dB [18] , a compact co-planar waveguide (CPW)-fed circular patch MIMO antenna having etched split ring resonator (SRR) slot in the radiator, which results in one band-notch centered at 7.6 GHz and a band-notch at 5G WLAN achieved by the collaboration of the arc-shaped strips with an isolation of 15 dB [19] , and in another case, the radiation patch was connected with the strip placed beneath the patch through a via to achieve band-notch at WiMAX (3.4-3.7 GHz) and WLAN (5.15-5.35 and 5.725-5.825 GHz) [20] . Many single band-notched UWB MIMO antennas have been designed around 5G WLAN: a printed folded monopole antenna with an open stub inserted in the antenna to reject the 5G WLAN [21] , CPW-fed staircaseshaped radiators with etched SRR results in band-notch [22] , circular CPW feeding structures loaded by arc-shaped slot resonators to reject the undesired sub-band, which was assigned for IEEE 802.11a and HIPERLAN/2 [23] , microstrip-fed antenna elements with L-shaped slits etched on the ground plane resulting in the band-notched band at 5.5 GHz [24] , two squares monopole-antenna elements with two strips on the ground plane creating a band-notched frequency band [25] , a G-shaped structure on the square antenna element formed to achieve the band-reject from 4.4-6.2 GHz [26] , and two folded slots inserted in heptagonal radiators to achieve band-notch at WLAN [27] . Two more UWB MIMO antennas, having band-notch around C-band, were implemented like a quad-element with band-notched from 4.0-5.2 GHz with reduced mutual coupling due to electromagnetic band-gap (EBG) structures had been implemented [28] . In the second case, MIMO had an L-shaped stub, extruded in the ground plane to introduce band-notched function C-band (3.62-4.77 GHz) [29] . A few single element antennas with band-notched characteristics are: a quad band-notched (3.3-3.7 GHz, 4.5-4.8 GHz, 5.15-5.35 GHz, and 5.725-5.825 GHz bands) UWB antenna created using four different ring resonators on multilayered planes [2] , and in another MIMO antenna, the band-reject (6.70-7.1 GHz) was achieved by attaching a strip to the hollow center of a wing-shaped monopole [30] . A comparison is provided below in Table 1 along with the proposed MIMO antenna to have a better overview of the ongoing research.
In this paper, a triple-band MIMO antenna is proposed for UWB applications along with one bandnotched characteristic centered at 5 GHz to block the WLAN frequency. We are focused on blocking 5 GHz WLAN/WiMAX as well as some part of C-band which covers the high traffic of microwave relay trunk network ranging from 4.10 to 4.99 GHz. The proposed triple-band MIMO antenna covers 3.08-3.96, 6.2-8.93 GHz & 10-16 GHz bands, respectively, thus covering the entire UWB, along with one bandnotched characteristic from 3.96-6.2 GHz. A defected ground structure (DGS) has been used to obtain a wideband resonance. A crescent ring has been etched on each of the two circular patch antennas to produce a band-notch characteristic which introduces notches at 5.2/5.8 WLAN, 5.5 WiMAX and LMI C-band. In addition, the proposed antenna also rejects the large capacity microwave relay trunk network, ranging from 4.40 to 4.99 GHz, such as in the Indian national satellite (INSAT) system operating between 4.5 and 4.8 GHz, thus making our MIMO antenna immune to many unlicensed bands. The isolation structure-MIDC has been placed between the circular patch antennas to improve the isolation from 10 to 25 dB in the lower band along with a minimum measured isolation, better than 16 dB between the ports throughout the operating bands. The band-notch has already resulted in dual-band operation, while the third-band is achieved due to better impedance matching after the introduction of isolation structure MIDC, which also ensure that our proposed antenna does not interfere with X-band ranging from 8.93 to 10 GHz. The second band (6.2-8.9 GHz) is useful in IEEE INSAT/Super Extended Cband applications. The upper-band, ranging from 10 to 16 GHz, is useful for X-band and Ku-band applications. Another added advantage of our proposed antenna, as shown in Table 1 , is that it has better isolation and compactness than the majority of the MIMO antennas designed recently. 
ANTENNA DESIGN AND THEORY
The design process of the triple-band MIMO antenna has been divided into two sections: Section I deals with the design and evolution of the single antenna element with the desired band-notch characteristics around 3.96-6.2 GHz, and Section 2 describes how this single element has been integrated into a twoport MIMO antenna and also discusses the introduced MIDC isolation structure which also helps in improving the impedance matching and achieving the center-band covering 6.2-8.93 GHz, and thus, helps in realizing a triple-band MIMO antenna covering UWB with one band-notched characteristic. The proposed MIMO antenna has been fabricated on an FR-4 (ε r = 4.4, tan δ = 0.025) substrate of dimensions 50 × 30 × 1.6 mm 3 .
Section I
First, we will go through the design process of a single element of the proposed MIMO antenna. The design evolution has gone through three steps as shown in Figure 1 . In CASE I, a simple microstrip-fed monopole circular patch antenna, with a rectangular ground plane, has been considered, resulting in a band operation ranging from 6.76 to 9.72 GHz and having a reflection coefficient of −9 dB centered around 5 GHz. Our objective of achieving band-notch centered around 5 GHz WLAN has been achieved with the introduction of an etched crescent ring-shaped structure on the circular radiating patch as With the introduction of three semicircles in the ground plane, there is an increased bandwidth of the antenna such that it becomes a UWB antenna, as shown in CASE III of Figure 1 . Out of the three semicircles, two are of the same radius, while the middle one has a larger radius. The entire dimension has been discussed precisely in the next section. There is an impedance matching problem in the middle of the operating range of the UBW as shown in CASE III, which has been optimized in MIMO designing, discussed in the next section. The band-notch has been widened as compared to the previous work shown in [28] by reducing the area of the ground plane, and hence, reduced the antenna area required for the same purpose. Also, in spite of covering the entire UWB as done in [28] , the semicircle radius has been reduced considerably to avoid some part of the X-band in comparison to the MIMO antenna defined in [28] .
Section II
The final design of CASE III in Section-1 has been taken to design a two-port MIMO antenna as shown in Figure 2 . An isolation structure, based on the concept of the interdigital capacitor (IDC) [31] , has been introduced as shown in Figure 2(b) , which is further improved with modified IDC to achieve better impedance matching as claimed in the S-parameters analysis, as shown in Figure 4 . The complete layout of the proposed triple-band MIMO antenna is given in Figure 3 . The two circular monopole antenna elements are placed parallel to each other, unlike [28] , to reduce the antenna area with a center-to-center distance of D = 30.2 mm (0.31λ 0 ), but the isolation is only 10 dB, as shown in Figure 4 . The circular monopole antenna consists of three circles of radii R = 4.1 mm, R 1 = 5.7 mm and R 2 = 6.8 mm, where the center is counted above the signal strip of W 1 = 4.9 mm and L 1 = 2.7 mm at height H = 4 mm. The dimensions of the transmission strip are W = 3 mm and L = 8 mm. The distance between the DGSs has an effect on impedance matching, so the closer the structures are moved, the better impedance matching will be achieved. After optimization, good impedance matching is achieved at a gap width of 10 mm (W 15 ). The dimension of the rectangular ground structure is W 12 = 20 mm and L 6 = 8.8 mm as shown in Figure 3 (b) which is reduced from the previous case [28] of 28.8 × 8.8 mm 2 . The three semicircles of radii r = 0.8 mm (two are of the same radius) and r 1 = 2.5 mm are etched on the rectangular ground. The radius of the semicircle is optimized so that it avoids some part of the X-band frequency ranging from 8.93 to 10 GHz, which can be clearly observed in the S-parameters analysis shown in Figure 4 .
The number of fingers (= 9) in IDC, as well as the length L 2 , is optimized using the concept mentioned in [31] to create a band-stop filter centered around 3.5 GHz. The isolation structure with IDC helps in improving the isolation from 10 dB to 20 dB in the lower band, which further increases to 25 dB in the case of MIDC. Thus, we are successful in achieving a better isolation of 25 dB with MIDC in the lower-band than 17.5 dB [28] in the previous one. We are also able to achieve a compact area of 0.158λ 2 0 as compared to 0.18λ 2 0 [28] in the earlier case after considering only two antenna elements and to avoid some part of the X-band as stated earlier; however, our isolation is slightly disturbed in the center-band, where we are able to achieve a measured isolation of 16 dB.
RESULTS AND DISCUSSION
The proposed MIMO antenna has been fabricated as shown in Figure 5 . The measured S-parameters analyzed in Figure 6 experimentally verified the resemblance with the simulated results.
The measured isolation is more than 16 dB throughout the operating bands. The above results show that our proposed antenna is a triple-band antenna: 3.08-3.96, 6.2-8.93 GHz & 10-16 GHz, covering the entire UWB, along with a band-notched characteristic from 3.96 to 6.2 GHz. The range from 8.93 to 10 GHz cannot be claimed as band-notch, but it will restrict some part of the X-band. The gain and radiation efficiency are shown in Figure 7 , which clearly shows the immediate drop in gain around the band-notch, going as low as 2 dBi from 5 dBi, so the radiation efficiency has been lowered to 20% from 80% which is centered at 5 GHz. Our antenna performance is also hindered around 8.93-10 GHz where the reflection coefficient goes as high as −5 dB, and thus, restricting it from some part of the X-band.
The surface current distribution and E-field distribution at 3.5 GHz have been represented in Figures 8(a) & (b) , respectively, after exciting port-1 and terminating port-2 with 50 Ω load. Clearly, in Figure 8 (a), we can see how surface wave propagation from the first antenna to the second has been restricted by the introduction of MIDC as the current density has been significantly reduced on the terminated second antenna compared to the MIMO antenna without MIDC structure. Similarly, in Figure 8 (b), the electric field distribution inside the substrate has also been significantly reduced with MIDC structure, thus strengthening the isolation behavior of the MIDC by restricting the space wave propagation from the first antenna to the second and vice-versa. The normalized radiation patterns are shown in Figure 9 . E-plane (XZ plane) and
(c) plane) have been represented at each of the three resonant bands after exciting one port and terminating the other. The purpose of the MIMO antenna is to achieve an omnidirectional pattern with the help of its antenna elements, and thus, prevent signal dropout irrespective of the direction of signal's arrival.
We can see the E-plane (XZ plane) in Figure 9 , which shows that the omnidirectional pattern has been maintained at all the three resonant frequencies. Cross-and co-polarizations show their isolated behavior in E-plane except for fewer points.
DIVERSITY PERFORMANCE
This section will discuss the diversity performance of our MIMO antenna which is necessary to figure out the isolated behavior of each of the individual antenna elements present in the MIMO system.
ECC (Envelope Correlation Coefficient)
ECC defines the correlation coefficient between the signals received from different antenna elements which increase the throughput of the signal. The criterion for MIMO antenna is ECC < 0.05 [3] . ECC of a general two-antenna system can be determined by the following formula [3] :
where i and j are the antenna elements, and N is the total number of antennas. The equation of ECC for a two-port MIMO antenna can be written as below:
The computed ECC from the given equation is shown in Figure 10 for both simulated and measured results. We can see that the ECC < 0.01 for the entire operating range. 
MEG (Mean Effective Gain)
In a fading environment, MEG is the measure of the amount of power received by the antenna elements as compared to an isotropic antenna. We can compute the MEG using the following equations [3] :
Also
So, MEG 1 and MEG 2 can be written as,
As shown in Figure 11 , MEG is below −3 dBi, and also, the difference between the MEG 1 and MEG 2 is within the range of ±3 dB. 
CCL (Channel Capacity Loss)
CCL defines the maximum attainable limit of information transmission rate up to which the signal can be easily transferred without a significant loss which is defined to be less than 0.4 bits/s/Hz [3] . It can be computed using the following equations [3] :
where
We can see that the computed CCL is below 0.4 bits/s/Hz for the entire operating range as shown in Figure 12 . 
TARC (Total Active Reflection Coefficient)
TARC signifies the importance of non-variance of the resonance frequency and the IBW (Impedance Bandwidth) even when the phase of the input signals, say θ, is changing with respect to the other antenna elements [3] . It can be computed using the following equations [3] 
In Figure 13 , θ is varied constantly by 30, but in each case the measured TARC follows the reflection coefficient pattern and thus maintains the resonance behavior even when the phase of the signal is changing. Figure 13 . TARC.
CONCLUSION
A compact triple-band: 3.03-3.96, 6.2-8.93 & 10-16 GHz, two-port MIMO antenna with one bandnotched characteristic has been presented. Two crescent ring-shaped structures have been etched on the circular radiating patch to achieve the band-notch from 3.93 to 6.2 GHz centered at 5 GHz. The radiation efficiency is as low as 20% in the band-notch which isolates the proposed MIMO antenna from the high traffic of 5.2/5.8 WLAN, 5.5 WiMAX, LMI C-band and the large capacity microwave relay trunk network ranging from 4.40 to 4.99 GHz, such as in the Indian national satellite (INSAT) system operating from 4.5 to 4.8 GHz. An isolation structure -MIDC -has been introduced to achieve a minimum measured isolation of 16 dB throughout. The isolation structure restricts the surface wave as well as the space wave propagation from one antenna to another. It also helps in achieving one center-band ranging from 6.2 to 8.93 GHz due to better impedance matching, and hence, does not cover the high traffic on the remaining 8.93-10 GHz band of the X-band in the process of covering the entire UWB. The measured results show that the gain ranges from 3.5 to 6 dBi. Our proposed antenna is useful in 3.5 GHz WiMAX, IEEE INSAT/Super Extended C-band and for the major part of X-band and Ku-band applications.
